Abstract-Trapezoidal wave is suitable for the modulating signal of the microcomputer-based pulsewidth modulation (PWM) inverter for the use of motor drives because the switching patterns can be generated by means of on-line computation. The waveform is changed from a rectangular to a triangular wave.
I. INTRODUCTION PULSEWIDTH modulation (PWM) technique for dc-to-ac
inverter has been successfully used owing to recent progress of power-switching devices and an advance of control ability by using a microcomputer. When the PWM control is used, the output waveform of the sampling pulse train is improved. The fundamental amplitude in the PWM output waveform is, however, smaller than that in the rectangular waveform. The ratio of fundamental voltage in the output waveform to the dc supply voltage must be higher. Moreover, when an inverter is used for the control of motor drive, its control ability must be considered.
The conventional technique of generating three-phase PWM waveforms in an inverter uses a triangular carrier wave and three-phase sinusoidal modulating wave. Its output waveform has achieved a considerable improvement. In this case, however, the ratio of the fundamental component of the maximum line voltage to the dc supply voltage is 0.87. This value indicates a poor utilization of the dc power supply [1] . A modulation technique to increase the amplitude of the fundamental component was proposed in [2] , where a third harmonic wave is added to the three-phase sinusoidal modulating wave. This technique is executed according to the precomputed PWM patterns stored in the ROM table of a microcomputer. The fundamental component of the output voltage is then increased by about 15 percent over that of the conventional sinewave inverter.
On the other hand, a modulation technique to advance the control ability by using the on-line computation of the PWM patterns was reported in [3] . To increase the speed of computation of PWM patterns, the sinusoidal modulating signal is replaced by a trapezoidal wave. The output PWM waveform for the trapezoidal modulating signal contains lower-order harmonics. For the use in motor drives, it is desirable to increase the fundamental amplitude of the output voltage and to improve the control ability rather than to reduce the harmonics of the output voltage. The trapezoidal modulating waveform is suitable for on-line computation, and its waveform varies from a rectangular to a triangular wave.
Hence, it is desirable to investigate the trapezoidal waveform of arbitrary shape as the modulating signal for three-phase PWM inverter.
In this paper, the output waveform of three-phase PWM inverter for the trapezoidal modulating signal is investigated both theoretically and experimentally. Various trapezoidal waveforms are considered from the points of the fundamental component of the maximum output amplitude, the amplitude of lower-order harmonics, waveform distortion, and the impact on the inverter structure.
II. THREE-PHASE PWM INVERTER
A switching model of a three-phase bridge inverter consisting of power switching devices is shown in Fig. 1 . Switches Si, S2, and S3 which produce the output voltages on the points u, v, and w are always connected with the dc bus (p or q) line and never remain the off state. Thus the voltages between u and v, v and w, w and u, are not influenced by the inductive load. By switching actions of SI, S2, and S3, PWM voltage appear on the points u, v, and w in Fig. 1 .
The conventional technique of generating a three-phase PWM waveform is illustrated in Fig. 2 . A triangular carrier wave of a fixed frequency is compared with the three-phase sinewave of variable frequency. The carrier signal eb has an amplitude Eb and angular frequency Wb. The sinewaves eu, ev, and eW are called the modulating signal. They are balanced three-phase voltages which have the amplitude Es and angular frequency w,. An action of switch SI in Fig. 1 [5] - [7] .
The PWM waveform Euq shown in Fig. 2(b) , is expressed by the double Fourier series in complex forn as ±00 ±00
Euq(Cbt, wst)= = Kmn * exp U(mWbt+nwSt)1 (1) 
Ed -- [4JI,±(1)/±m3 m=n2,4,--n=±1,±3,'--
where Ed dc supply voltage,
Bessel function, v= mMrI2. Equation (4) indicates that a maximum value of the fundamental component is 0. 87Ed at M = 1 and that the harmonic component is not included. The second and third terms in the right-hand side of (4) are the unwanted frequency components which form the sideband of carrier frequency.
III. TRAPEZOIDAL MODULATING SIGNAL
As a modulating signal for the PWM inverter, the trapezoidal wave e, as shown in Fig. 3 
G1=mMir, G2=sin G1.
The line voltages V,,, and Vi,,, are obtained when the phase angle of wot in (9) is deferred by 2zrI3 and 47r/3, respectively.
IV. GENERATION OF THREE-PHASE TRAPEZOIDAL WAVE It is comparatively easy to generate the trapezoidal wave by a digital circuit using CPU and counters. It can also be generated by an analog circuit. To verify (9) , an analog circuit is proposed. The three-phase trapezoidal wave varying from the rectangular wave to the triangular wave can be generated by the circuit of between *Es. The frequency of the trapezoidal wave can be changed by capacitor C or resistor R of the integrator, and the amplitude can be adjusted by voltages of Est and E,.
An experimental circuit of a three-phase PWM inverter consisting of power transistors is constructed by using a generator of the modulating signal illustrated in Fig. 4. Fig. 5 shows the voltage waveforms of various points in the experimental circuit. 
The distortion factor of the output waveform is obtained as follows: Since X is a function of a, see (6) , the left-hand sides of (12)- (14) are all functions of a. Fig. 6(a) shows the amplitude of the fundamental component obtained from (13) and the distortion factor of (14). Fig. 6(b) shows the harmonic amplitudes of (12).
A. 2/5-Trapezoidal Waveform In Fig. 6(a) , the distortion factor 6 decreases rapidly with increasing a, and the amplitude V1 ,M= I/Ed is nearly constant in the range of o = 0-0.35. Therefore, the output voltage waveform of a PWM inverter is remarkably improved by using the trapezoidal modulating signal which has a slight inclined part. The distortion factor 6 takes a minimum value at a = 0.8. The fundamental amplitude is, however, equal to 0.83Ed at or = 0.8 and is smaller than that of 0.87Ed for a sinusoidal modulating signal. The small value of 5 that follows is observed in a range of a 0.37-0.41. From the viewpoint of reducing the lower-order harmonic component, the most suitable trapezoidal wave is obtained at a = 2/5. The output waveform at a = 2/5 does not include the fifth harmonic wave as seen in Fig. 6(b) . The amplitude of fundamental component at a = 2/5 is 1.03Ed, and the amplitude of the seventh harmonic which has a maximum value among the harmonics is only 3.2 percent of the fundamental amplitude. We call the waveform at r = 2/5 a "2/5-trapezoidal wave." An example of the frequency spectrum of the output voltage for a 2/5-trapezoidal modulating wave is shown in Fig. 7 . Fig. 8(a) shows the amplitudes of fundamental and harmonic components as functions of the modulation degree M. Experimental values in the subsequent figure are obtained for the case of dc supply Ed 100 V output frequency A = Wo5 2wr = 60 Hz, and carrier frequency ft = Wb/2r = 1 kHz. It will be seen that the fundamental amplitude is proportional to M, the seventh harmonic wave is small and other harmonics (Sw5, 1 t '5, etc.) can be neglected.
The unwanted frequency components are the sum and difference component of mw and nw5. These components are illustrated in Fig. 8(b) as a function of M for major frequency components. An amplitude of 2wb ± to component having the maximum value in the unwanted frequency components is nearly equal to that for the conventional sinusoidal modulating siPgnal. If the ratio wb,,/w becomes large, these frequency components move into the high-frequency region apart from the fu-ndamental frequency. In this case, since a reactive load such as an induction motor decreases the amplitude of highfrequency components, these unwanted frequency components are of no concern in motor drives. trapezoidal wave is obtained by combining these types. In comparison of the some values at a = 1/3 and or = 2/3 in Table I , it is found that the amplitude of fundamental component becomes large at a = 1/3.
VI. CONCLUSIONS
The trapezoidal wave is suitable for the modulating signal of a microcomputer-based PWM inverter because the switching patterns can be generated by means of on-line computation. The triangular factor a is defined, and various trapezoidal modulating waveforms in the range of a = 0-1, i.e., from a rectangular waveform (a= 0) to a triangular waveform (a = 1) have been investigated both theoretically and experimentally. It is found that a trapezoidal waveform at a = 2/5 is appropriate as a modulating signal of the PWM inverter. The Table I . The 2/5-trapezoidal wave shown in Fig. 9 (a) can be used as the modulating signal to generate the PWM patterns by means of on-line computation. The 2/3-trapezoidal wave leads to a simpler composition of the three-phase signal than the case of 2/5-trapezoidal wave. One cycle of the 2/3-trapezoidal wave is divided into six intervals (Types I, II, III, I', II', and III') of 600 each, as shown in Fig. 9(b) . During 600 interval of Type I, the amplitude of the trapezoidal wave is linearly rising. During 600 interval of Type II, the amplitude of the wave stays constant. During 600 interval of Type III, the amplitude is linearly decreasing. Types I', II', and III' take the opposite polarity to the Types I, II, and III, respectively. The threephase waveform of 2/3-trapezoidal wave is obtained by combining these types appropriately, as shown in Fig. 9(b) . This waveform is described in [3] . One cycle of the 1/3-trapezoidal wave at a = 1/3 can also be divided into six intervals of 600 each. This waveform contains Types I II, III, and II' as shown in Fig. 9(c) .
Similarly to the case of ar = 2/3, the three-phase 1/3- Substituting these factors into (2), and expanding V", into a real-valued Fourier series results in (9) .
